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Abstract: Impaired skeletal muscle glucose uptake is a key feature in the development of insulin
resistance and type 2 diabetes. Skeletal muscle glucose uptake can be enhanced by a variety of
different stimuli, including insulin and contraction as the most prominent. In contrast to the clearance
of glucose from the bloodstream in response to insulin stimulation, exercise-induced glucose uptake
into skeletal muscle is unaffected during the progression of insulin resistance, placing physical activity
at the center of prevention and treatment of metabolic diseases. The two Rab GTPase-activating
proteins (RabGAPs), TBC1D1 and TBC1D4, represent critical nodes at the convergence of insulin-
and exercise-stimulated signaling pathways, as phosphorylation of the two closely related signaling
factors leads to enhanced translocation of glucose transporter 4 (GLUT4) to the plasma membrane,
resulting in increased cellular glucose uptake. However, the full network of intracellular signaling
pathways that control exercise-induced glucose uptake and that overlap with the insulin-stimulated
pathway upstream of the RabGAPs is not fully understood. In this review, we discuss the current
state of knowledge on exercise- and insulin-regulated kinases as well as hypoxia as stimulus that
may be involved in the regulation of skeletal muscle glucose uptake.
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1. Exercise-Regulated Glucose Uptake in Skeletal Muscle Is Crucial for Controlling
Systemic Glucose Levels

Maintaining stable blood glucose levels is important to ensure physiological body
function and sufficient energy supply to meet changes in energy needs. Therefore, hor-
monal and metabolic signals regulate the mechanisms that raise and lower blood glucose.
One regulatory mechanism is the secretion of insulin by the islets of Langerhans, which
is stimulated by a postprandial rise in blood glucose levels and induces elevated blood
glucose uptake in peripheral tissues (reviewed in [1]). Skeletal muscle is responsible for
the vast majority of insulin-stimulated glucose disposal, but it is also unique in that it
exhibits increased glucose uptake in response to exercise and muscle contraction [2,3].
Insulin resistance (IR), a condition in which peripheral tissues lose their ability to absorb
glucose from the bloodstream in response to insulin stimulation, plays a crucial role in the
development and progression of metabolic diseases such as type 2 diabetes. IR can occur
undetected in pre-diabetics years before the disease develops [4—6]. Chronic hyperglycemia
caused by insulin resistance leads to serious complications such as retinopathy, cancer,
cardiovascular disease, neuropathy and nephropathy (reviewed in [7-14]). Interestingly,
exercise-stimulated glucose uptake in skeletal muscle is not impaired in insulin-resistant
subjects [15] (reviewed in [16]). Exercise is therefore an excellent therapeutic option for
both diabetic and prediabetic individuals [17]. The intracellular pathways by which insulin
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stimulation and exercise induce glucose uptake in skeletal muscle are distinct but appear
to converge at TBC1D1 and TBC1D4 (also known as AS160, AKT substrate of 160 kDa),
two key signaling molecules critical for the regulated trafficking of the facilitative glucose
transporter type 4 (GLUT4) [18-20]. Phosphorylation of the two Rab GTPase-activating
proteins (RabGAPs) by insulin- and contraction-sensitive kinases leads to increased translo-
cation of GLUT4 to the plasma membrane and consequently to increased uptake of glucose
into the cell (reviewed in [21]). To date, at least a dozen phosphorylation sites have been
identified in TBC1D1 and TBC1D4, most of which have been described as targets for the
serine/threonine kinases AKT and the AMP-dependent kinase AMPK (reviewed in [22]).
The regulatory mechanisms underlying the phosphorylation of RabGAPs that mediate
exercise and insulin signaling are largely unknown. Only a few serine and threonine sites
in TBC1D1 and TBC1D4 have a specific upstream kinase described.

2. Insulin and Contraction Signaling Converge at the Regulation of GLUT4-Mediated
Glucose Transport

GLUT4 is responsible for the regulated glucose uptake into insulin-responsive pe-
ripheral tissues including adipose tissue and skeletal muscle, as well as the heart [23]. In
the unstimulated, basal state, GLUT4 is retained in the cytoplasm, where it is stored in
intracellular storage vesicles (GSVs). Various stimuli can induce GSV translocation to the
plasma membrane, leading to GLUT4 incorporation into the membrane, thereby enhancing
glucose uptake [24,25]. In skeletal muscle, known stimuli include muscle contraction,
calcium-related mechanisms and insulin signaling. The latter activates the insulin receptor,
leading to phosphorylation of insulin receptor substrates (IRS) and subsequent activation of
phosphatidylinositol 3-kinase (PI3K). PI3K initiates the generation of phosphatidylinositol-
3,4,5-triphosphate, which recruits phosphoinositide-dependent kinase-1 (PDK1) to activate
the serine/threonine kinase AKT (reviewed in [26]). Upon activation, AKT phosphorylates
a variety of downstream targets, including the RabGAPs TBC1D1 and TBC1D4 [18,20,27].
The main role of RabGAPs is to catalyze the intrinsic GTPase activity of small RabGTPases,
which are versatile regulators of cellular vesicle trafficking (reviewed in [28]). In the basal,
unphosphorylated state, TBC1D1 and TBC1D4 render GSV-associated RabGTPases in their
inactive, GDP-bound state, thereby inhibiting GLUT4 translocation [29]. Of the more than
60 Rab GTPases described to date (reviewed in [28,30]), a subset has been shown to be
associated with GSVs, namely Rabs 2A, 8A, 10, 11, 13, 14 and 28 [31-34]. Phosphoryla-
tion of RabGAPs at multiple serine (Ser) and threonine (Thr) sites leads to dissociation of
RabGAPs from GSVs [32,35]. The resulting accumulation of downstream RabGTPases in
their active GTP-bound form leads to the induction of GLUT4 translocation to the plasma
membrane and, as a consequence, to increased cellular glucose uptake (reviewed in [36]).
To date, at least 15 phosphorylation sites have been experimentally identified for TBC1D1
and TBC1D4 (reviewed in [22]). As major convergence points of insulin and contraction
signaling, most of the phosphorylation sites identified so far have been attributed to either
AKT or AMP-activated kinase (AMPK) as upstream effectors [18,19]. An overview of the
known phosphorylation sites has previously been reviewed by Espelage et al. [22].

3. Kinases Regulating RabGAPs and Contraction-Stimulated Glucose Uptake
3.1. AMPK Is Sufficient but Not Necessary for the Regulation of TBC1D1 and TBC1D4

AKT and AMPK are activated by different stimuli and pathways. AKT is part of the
insulin signaling pathway, while AMPK has been shown to phosphorylate TBC1D1 and
TBC1D4 in response to exercise to adapt to increased energy demands by enhancing GLUT4-
mediated glucose transport [20,37]. One effect of exercise is to increase energy expenditure
in skeletal muscle, leading to an elevated ratio of AMP/- to ADP/ATP, which supports
AMPK phosphorylation at Thr172 by liver kinase B1 (LKB1) [38—40], thereby promoting its
kinase activity through allosteric activation (reviewed in [41]). The involvement of LKB1 in
AMPK activation was initially demonstrated in mice with a muscle-specific LKB1 knockout
(KO), resulting in a marked reduction in AMPK activity [40]. In addition to LKB1 serving as
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the primary upstream kinase for AMPK, phosphorylation, and thereby activation of AMPK,
can also be induced by Ca?*/calmodulin-dependent protein kinase kinase (CaMKK) in
response to calcium flux [39,42,43]. However, these data were not generated in skeletal
muscle cells and recent findings demonstrate that CaMKK2 does not activate AMPK in
skeletal muscle in mice. It is more likely that the positive outcomes in earlier studies were
due to off-target impact of frequently used CaMKK inhibitors, rather than CaMKK playing
a role in AMPK activation in muscle [44].

Similar to the effects of exercise and muscle contraction, administering 5-aminoimidazole-
4-carboxamide 1-p3-d-ribofuranoside (AICAR), the most commonly used pharmacological
AMPK activator, prompts glucose uptake in skeletal muscle [45-47]. Additionally, PF-739, an
orally administered and non-selective activator of AMPK, enhances glucose uptake in muscles
and increases TBC1D1 phosphorylation at Ser231 (Ser237 in humans) in mice. Moreover, it has
been shown to lower blood glucose levels in non-human primates [48]. Early studies showed
that the combined stimulation of the muscle by AICAR and contraction did not result in any
additive effect, compared with contraction alone. [46,47]. These findings do not allow a clear
statement about the exact contribution of AMPK to contraction-stimulated glucose uptake in
the skeletal muscle. There appear to be several partially overlapping pathways involved in
the regulation of glucose uptake after contraction, one of which is AMPK dependent.

The stimulatory impact of AICAR on muscle glucose uptake is completely abolished
by AMPK deficiency in transgenic and knockout mouse models [42,49-51]. In contrast, the
inactivity or depletion of the AMPK «l or a2 subunit only reduced, but did not eliminate,
contraction-induced glucose uptake in skeletal muscle [49,52]. Furthermore, the concurrent
muscle-specific knockout of both regulatory AMPK 31 and (32 subunits in mice results in a
decrease in glucose uptake stimulated by muscle contraction [53], ultimately emphasizing
the significance of AMPK in exercise-induced glucose transport.

However, additional research presents a somewhat inconclusive view of the function
of AMPK in glucose uptake stimulated by exercise. While AICAR-stimulated glucose
transport was indeed abolished in knockout and transgenic mouse models of the AMPK
a2 subunit, it was found that contraction-stimulated glucose uptake in vitro remained
unaffected in both the extensor digitorum longus (EDL) and soleus muscle throughout
these studies [50,54]. Additionally, muscle glucose uptake during in vivo exercise remained
unaltered in mice with muscle-specific knockout of AMPK«1 and -2 [55], as did mus-
cle glucose clearance in those mice and in mice with functional depletion of AMPK«2.
However, AICAR-induced glucose clearance was abrogated in the latter mouse model, in-
dicating the presence of further contraction mediated regulators of glucose uptake, besides
AMPK [55,56]. Using a mouse model with inducible skeletal muscle-specific knockout of
both catalytic AMPKa1 and o2 subunits, Hingst and Kjobsted et al. investigated the direct
effects of acute AMPK deficiency. This approach sidestepped any secondary effects of
lifelong AMPK depletion that may occur in conventional models. They found no changes
in exercise-stimulated glucose uptake in vivo or contraction-stimulated glucose uptake
ex vivo across different oxidative and glycolytic skeletal muscles [57]. Furthermore, they
demonstrated that AMPK knockout in glycolytic muscle eliminates the phosphorylation of
TBC1D1 Ser231 induced by both contraction and treadmill exercise. This suggests an impact
of AMPK on TBC1D1 that is decoupled from glucose uptake induction at first glance [57].
However, it is worth noting that only Ser231 was tested for phosphorylation, leaving room
for speculation about exercise-induced glucose uptake being mediated by other TBC1D1
sites besides Ser231. It is possible that these alternate sites were targeted by kinases other
than AMPK. This theory finds support in previous studies, where a mutation of TBC1D1
Ser231 (Ser231Ala) only slightly decreased muscle glucose uptake induced by AICAR,
but not exercise [51]. A reduction in contraction-stimulated TBC1D1 phosphorylation at
Ser231 and few other sites upon AMPK deficiency has also been demonstrated in other
studies [58-60]. Not all phosphorylation sites that regulate skeletal muscle contraction
signaling appear to have their primary function during exercise training. There is evidence
to suggest that RabGAP phosphorylation sites, specifically TBC1D4-Ser711, play a role
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in enhancing whole-body and muscle insulin sensitivity following exercise and skeletal
muscle contraction [61,62]. However, a dearth of research exists regarding the majority of
phosphorylation sites of TBC1D1 when activated by muscle contraction or AMPK. We have
recently reported a decrease in contraction-mediated glucose uptake in transgenic mice that
overexpress the kinase-dead AMPKa1 subunit, which was not further reduced by RabGAP
knockout in soleus muscle. However, in EDL muscle, further knockout of the predominant
RabGAP TBC1D1 resulted in a more significant decrease in contraction-mediated glucose
uptake. This observation indicates that other kinases, aside from AMPK, may induce
glucose uptake by regulating TBC1D1 [63].

These data suggest that AMPK plays a crucial role in regulating energy homeostasis
in the muscle. Furthermore, it indicates that activation of AMPK is adequate but not
imperative in stimulating glucose uptake through the phosphorylation of TBC1D1/D4
in response to contraction and exercise. Therefore, we propose that there are various,
partially overlapping pathways that result in the inhibition of the RabGAPs and regulate
glucose uptake following exercise, guaranteeing a proper functioning of this essential and
evolutionarily conserved mechanism (Figure 1).

«@ Insulin stimulation

o
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Figure 1. Intracellular signaling pathways for insulin- and contraction-stimulated glucose trans-
porter 4 (GLUT4) translocation in skeletal muscle through the regulation of TBC1D1 and TBC1D4.
Insulin stimulates the phosphorylation of TBC1D1/4 through activation of Akt by the upstream
regulators insulin receptor substrate (IRS)-phosphatidylinositol 3-kinase (PI3K), mammalian tar-
get of rapamycin complex (mTORC) and phosphoinositide-dependent kinase-1 (PDK1), which is
further regulated by protein kinase N (PKN). Contraction leads to the activation of liver kinase
B1 (LKB1) and rising AMP/ATP ratio, which stimulate AMPK to phosphorylate TBC1D1/4. Be-
sides AMPK, other AMPK-related kinases (ARKSs) controlled by LKB1 are indicated to regulate
TBC1D1/4 including ARK5, SNF1-ARK (SNARK) and salt inducible kinase 1-3 (SIK1-3), as well as
atypical protein kinases C (aPKCs). Arrows in grey indicate suggested regulatory mechanisms. Once
phosphorylated, TBC1D1/4 will no longer inhibit the translocation of GLUT4-containing vesicles
through induction of RAB-bound GTP hydrolysis, allowing incorporation of GLUT4 into the plasma
membrane. PIP2/3 = phosphatidylinositol-bi/triphosphate; DAG = diacylglycerol; figure created
with BioRender.com.

3.2. LKB1 Regulates Multiple AMPK-Related Kinases Upstream of TBC1D1 and TBC1D4

The hypothesis of redundancy in RabGAP phosphorylation by multiple kinases is
supported by the results of a study that aimed at identifying upstream kinases of AMPK-
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regulated acetyl-coA-carboxylase 2. In this study, 18 different Ser/Thr kinases were found
to be upregulated by >25% during in situ contraction of skeletal muscle from kinase-dead
AMPK o2 transgenic mice [64]. A sophisticated study conducted by Hoffman and Parker
et al. employed a global analysis of protein phosphorylation in human skeletal muscle
biopsies subsequent to a single bout of high-intensity exercise training. The researchers
found that, aside from AMPK, 44 kinases were phosphorylated at a minimum of one
site [65]. These findings indicate that numerous kinases are regulated during exercise,
with potential implications for the regulation of exercise-induced glucose uptake and
phosphorylation of RabGAPs.

Some of these kinases could be regulated by LKB1, which acts as a master regulator
for 12 AMPK-related protein kinases (ARKSs) in addition to AMPK [66]. The significance
of LKB1 in contraction-induced glucose uptake was shown in mice with muscle-specific
knockout of LKB1 and hypomorphic LKB1 knockout mice, exhibiting severely reduced
glucose uptake after in situ and in vitro contraction [40]. Additionally, another study
found reduced glucose uptake and abolished phosphorylation of TBC1D4 and TBC1D1
(determined using phospho-AKT substrate (PAS) antibodies) in skeletal muscle of muscle-
specific LKB1 knockout mice following in situ contraction [67]. In contrast, a different study
found no impairments to exercise-induced glucose transport in LKB1-deficient mice [68].
While the role of LKB1 in the contraction-activated signaling axis is not yet fully understood,
it may serve as a significant signaling hub for regulating multiple kinases involved in the
modulation of GLUT4 translocation. In the subsequent sections, we will discuss the impact
of five LKB1-regulated kinases—ARKS5, SNARK and SIK1-3—and PKC and PKN in the
control of RabGAPs and glucose uptake (Table 1).

Table 1. Effects of AMPK-related kinases on glucose uptake, GLUT4 translocation, RabGAP phospho-
rylation and insulin signaling axis.

Kinase Stimulus/Model Observation References
. Increased glucose uptake in hindlimb muscles in vivo [45,46]
AICAR treatment in rat . - - -
Increased glucose uptake in epitrochlearis ex vivo [47]
- Lowered blood glucose levels
PE-739 treatment in: - Increased glucose uptake in EDL [48]
- mice - Increased TBC1D1 Ser237 phosphorylation in EDL
- Cynomolgus monkeys and gastrocnemius
Lowered blood glucose levels [48]
Reduced contraction-stimulated glucose uptake in EDL [49]
and soleus ex vivo
Muscle AMPK &2 KD mice No effect on contraction-stimulated glucose transport
in EDL in vitro and in EDL, TA, gastrocnemius muscle [50]
in vivo
Muscle AMPK a1 KD or KO mice Reduced tw1tch—contractlon—stlmulated glucose uptake [52]
AMPK soleus ex vivo
Simultaneous muscle AMPK@1 and B2 KO in mice Reduced contraction-stimulated g!ucose uptake in EDL (53]
and soleus ex vivo
Muscle AMPK a1 KO mice No reduction of contraction stlrpulated glucose uptake [54]
in EDL in vitro
Muscle AMPK a2 KO mice No reduction Qf contraction stlmL_llate.d glucose uptake [54]
in EDL and soleus in vitro
- No reduction of treadmill exercise-induced glucose
uptake and unchanged glucose clearance in EDL,
Simultaneous muscle AMPK«1 and «2 KO in mice soleus, TA, quadriceps in vivo [55]
- Abolished TBC1D1 Ser231 phosphorylation after
exercise in soleus and quadriceps
- No reduction of treadmill exercise-induced glucose
Muscle AMPK a2 KD mice clearance in soleus, gastrocnemius, quadriceps in vivo [56]

- Increased surface membrane GLUT4 content after
exercise normalized to GLUT4 abundance




Int. J. Mol. Sci. 2024, 25, 1910 6of 18
Table 1. Cont.
Kinase Stimulus/Model Observation References
- Unchanged treadmill exercise-stimulated glucose
uptake in EDL, soleus, TA, quadriceps in vivo
Inducible simultaneous KO of muscle AMPK«1 and 2 KO - Unchanged contraction-stimulated glucose uptake in 57]
in mice EDL and soleus ex vivo
- Abolished TBC1D1 Ser231 phosphorylation after
exercise in quadriceps and after contraction in EDL
- Reduced TBC1D1 Ser231, Thr590 and Ser600
. phosphorylation after contraction in EDL ex vivo
AMPKa2 KO mice - Reduced TBC1D4 Ser588 and Thr704 phosphorylation [58]
AMPK after contraction in soleus ex vivo
. Abolished TBC1D1 Thr590 and Ser700
AMPKo2 KD mice phosphorylation after contraction in EDL ex vivo [58]
. Reduced TBC1D1 S231, S660 and S700
Muscle AMPKo2 KD mice phosphorylation after contraction in TA in vivo [60]
. Abolished TBC1D1 Ser231 and Thr590
Muscle AMPKa2 KD mice phosphorylation after contraction in EDL ex vivo 5]
Kinase assay Phosphorylation of TBC.lDl. Ser231, Ser660 and Ser700 163]
in vitro
TA muscle mtARKS mice Unchanged contractlon—spmglated glucose uptake in 1671
TA in situ
ARK5
- Increased insulin-stimulated glucose uptake in soleus
- 5 ex vivo
Muscle specific ARKS KO mice - Increased phosphorylation of TBC1D4 Thr649 in 6]
soleus after glucose administration in mice on HFD
- Reduced contraction-stimulated glucose uptake in TA
. in situ
TA Muscle mtSNARK mice - Reduced TBC1D1 and TBC1D4 phosphorylation in TA [671
in situ
- Reduced contraction-stimulated glucose uptake in
. soleus in vitro
SNARK Heterozygous SNARK KO mice - Reduced TBC1D1 and TBC1D4 phosphorylation after [671
contraction in soleus in vitro
Heterozygous SNARK KO mice - Reduced trea.dmlll exerc1se.-st1mulated glucose [67,70]
uptake in gastrocnemius and heart
- Reduced ischemia-induced glucose uptake HL1 cells
HL1 (mouse cardio-myocyte cell line) SNARK knockdown - Reduced ischemia-induced TBC1D4 Ser711 [70]
phosphorylation in HL1 cells
Sik1-3 silencing in human adipocytes Reduced basal- and insulin-stimulated glucose uptake [71]
- Reduced basal- and insulin-stimulated
SIK inhibition in human adipocytes with glucose uptake
SIK1 - HG-9-91-01 (Inhibitor: YKL-05-099 and HG-9-91-01) [72]
- YKL-05-099 - Reduced insulin-stimulated TBC1D4 Thr642
phosphorylation (Inhibitor: HG-9-91-01)
- Increased insulin-stimulated glucose uptake in
- SIK1 KO mice on HFD quadriceps in vivo 73]
- Muscle specific SIK1 KO mice on HFD - Tendentially increased skeletal muscle glucose uptake
in vivo
mtSIK2 expression in primary rat adipocytes Reduced insulin-stimulated glucose uptake [74]
OE of SIK2 in primary rat adipocytes Increased basal glucose uptake [74]
Primary adipocytes of SIK2 KO mice >20 weeks old Reduced basal- and insulin-stimulated glucose uptake [72]
- Reduced glucose and insulin tolerance (HFD and ND)
SIK2 KO mice - Reduced insulin-stimulated glucose uptake in skeletal [75]
muscles ex vivo
SIK2 - - - -
. . Reduced GLUT4 expression and insulin-stimulated
SIK2 knockdown in 3T3-L1 pre-adipocytes glucose uptake (after differentiation) [75]
. . . - Reduced Akt and TBC1D4 phosphorylation
Primary adipocytes of SIK2 KO mice - Reduced GLUT4 expression and glucose uptake [75]
- Increased basal- and insulin-stimulated Akt and
SIK2 overexpression in 3T3-L1 adipocytes TBC1D4 phosphorylation [75]

- Increased GLUT4 expression and basal- and
insulin-stimulated glucose uptake
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Kinase Stimulus/Model Observation References
Sik1-3 silencing in human adipocytes Reduced basal- and insulin-stimulated glucose uptake [71]
- Reduced basal- and insulin-stimulated
SIK?2 SIK inhibition in human adipocytes with glucose uptake
- HG-9-91-01 (Inhibitor: YKL-05-099 and HG-9-91-01) [72]
- YKL-05-099 - Reduced insulin-stimulated TBC1D4 Thr642
phosphorylation (Inhibitor: HG-9-91-01)
Sik1-3 silencing in human adipocytes Reduced basal- and insulin-stimulated glucose uptake [71]
- Reduced basal- and insulin-stimulated
SIK3 SIK inhibition in human adipocytes with glucose uptake
- HG-9-91-01 (Inhibitor: YKL-05-099 and HG-9-91-01) [72]
- YKL-05-099 - Reduced insulin-stimulated TBC1D4 Thr642
phosphorylation (Inhibitor: HG-9-91-01)
- Increased basal- and insulin-stimulated glucose
. R uptake in adipocytes and soleus muscle ex vivo
cPKC-o KO in mice - Increased basal- and insulin-stimulated GLUT4 [76]
translocation in adipocytes
- Reduced contraction-stimulated glucose uptake in
cPKC-a inhibition in mouse muscle EDL and soleus muscle in vitro
- Calphostin C (Inhibitor: Calphostin C, G6-6976, G6-6983) (7]
LS - Go6-6976 - Reduced insulin-stimulated glucose uptake in EDL
- G6-6983 and soleus muscle in vitro (Inhibitor: G6-6976,
Go-6983)
. Reduced ionomycin-stimulated phosphorylation of
cPKC-a knockdown in Lé-myotubes TBC1D1 Thr590 and TBC1D4 Thr642 [78]
Muscle specific ¢PKC-a KO in mice Unchanged contractlon—stlmulated.glu.cose uptake in [77]
EDL and soleus muscle in vitro
- Increased insulin-stimulated glucose uptake in
L adipocytes and soleus muscle in vitro
CPKC- KO in mice - Increased insulin-stimulated GLUT4 translocation in 7]
adipocytes
Rescued impaired insulin-stimulated glucose uptake
nPKC-6 KO mice and IRS1-Tyr phosphorylation in gastrocnemius [80]
muscle by lipid infusion in vivo
- . Rescued impaired insulin-stimulated Akt
nPKC ¥ p
Muscle specific nPKC-6 KO mice on HFD phosphorylation in gastrocnemius muscle after HFD (811
. Reduced ionomycin-stimulated phosphorylation of
nPKC-6 knockdown in L6-myotubes TBC1D1 Thr590 and TBC1D4 Thr642 [78]
Muscle nPKC-8 KD expression in mice Reduced insulin-stimulated Akt phosphorylation [82]
aPKC-( KD expression in L6-myotubes Reduced basal- and insulin-stimulated glucose uptake [83]
- Reduced insulin-stimulated glucose uptake in vastus
lateralis muscle in vivo
- Reduced insulin-stimulated glucose uptake in soleus
o . and EDL muscle in vitro
Muscle specific aPKC-¢ KO mice - Reduced insulin-stimulated GLUT4 translocation in [84]
vastus lateralis and gastrocnemius muscle
- Unaltered insulin-stimulated phosphorylation of
TBC1D1/4 in vastus lateralis muscle
Reduced ACIAR- and metformin-induced glucose
aPKC Muscle specific aPKC-A KO mice uptake in vastus lateralis muscle in vivo and AICAR [85]
stimulation in EDL muscle ex vivo
aPKC-) expression in L6-myotubes Reduced insulin- or metformin-induced [85]
glucose uptake
aPKC-A knockdown in Lé-myotubes Reduced insulin- or metformin-induced [85]
glucose uptake
Muscle specific aPKC-A KO mice No reductlon. of treadmill exejrmse—mdl.lced. glucose [85]
uptake in vastus lateralis muscle in vivo
i . Increased contraction-stimulated glucose uptake and
Muscle specific aPKC-A KO mice TBC1D4 phosphorylation in soleus muscle in vitro [86]
TA muscle specific TA10A-aPKC-C KD overexpression Increased contraction-stimulated glucose uptake in TA [86]

muscle in situ
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Kinase Stimulus/Model Observation References
- Reduced insulin-stimulated glucose uptake in PHMC
in vitro and in TA muscle in vivo
PKN PKN? knockdown in PHMC and mouse TA muscle - No change in insulin stimulated Akt phosphorylation 87]

in PHMC in vitro
- Increased AMPK and TBC1D1 Ser314
phosphorylation in PHMC in vitro

Observations highlighted in blue indicate a role of the respective kinase in glucose uptake/GLUT4 transloca-
tion/RabGAP regulation/regulation of insulin axis. Observations highlighted in red indicate negative regulation.
Observations written in black letters indicate no role in the respective mechanism. KD = kinase dead, KO = knock-
out, TA = tibialis anterior, OE = overexpression, mt = mutated.

3.3. SNARK and ARKbS Present Promising Upstream Kinases of TBC1D1 and TBC1D4

ARKS5 (alias NUAKT1) and SNF1-ARK (SNARK) (alias NUAK?2), two closely related
members of the ARK subfamily, have been shown to regulate exercise-stimulated glucose
uptake. Koh and colleagues have demonstrated that SNARK is expressed in various types
of skeletal muscle fibers and is activated by contraction and exercise in the tibialis ante-
rior (TA) muscle of mice and by contraction alone in EDL, as well as by exercise in the
vastus lateralis muscle of humans. Contraction-stimulated SNARK activity in mouse TA
muscle was blunted following muscle-specific knockout of LKB1 [67]. Overexpression
of a dominant negative SNARK (mtSNARK) variant in the mouse TA muscle resulted
in decreased uptake of glucose stimulated by contraction that was not exacerbated by
the expression of mtSNARK in AMPKa2-inactive transgenic mice. Overexpression of
mtSNARK and heterozygous SNARK whole-body knockout also led to reduced TBC1D4
and TBC1D1 phosphorylation induced by contraction (as determined using PAS anti-
body). Furthermore, heterozygous SNARK depletion reduced glucose uptake induced by
in vitro contraction in soleus muscle and induced by treadmill exercise in gastrocnemius
muscle [67,70]. Insulin-stimulated glucose uptake, however, remained unaltered by the
overexpression of mtSNARK or heterozygous SNARK knockout [67]. Accordingly, knock-
down of SNARK expression to 40% in cultured myotubes from human vastus lateralis
biopsies did not affect insulin-stimulated glucose uptake [88]. In the heart, phosphoryla-
tion of SNARK was demonstrated through ischemia and treadmill exercise. Additionally,
glucose uptake induced by exercise was abolished in heterozygous SNARK knockout mice.
In HL1 cardiomyocytes, knockdown of SNARK resulted in a decreased glucose uptake and
ischemia-induced phosphorylation of TBC1D4 at Ser711, while insulin-stimulated TBC1D4
phosphorylation was unaffected [70]. Collectively, the data suggest that SNARK may act in
a pathway downstream of LKB1 to influence exercise-induced glucose uptake in skeletal
muscle and the heart, presumably via phosphorylation of the RabGAPs. However, no such
role is evident for insulin-stimulated glucose uptake in these tissues. Thus, SNARK may
play an important role specifically in regulating skeletal muscle exercise metabolism.

ARKS, which is closely related to SNARK, is expressed in skeletal muscle and be-
comes phosphorylated in response to muscle contraction, insulin stimulation and AICAR
treatment [89]. However, whether its phosphorylation is sufficient to induce ARKS5 kinase
activity is disputed, as one study showed enhanced ARKS activity upon phosphorylation
but a later study could not confirm this (tested towards SAMS peptide) [89,90]. A study
from Inazuka et al. postulated a role for ARKS in suppressing insulin-mediated glucose up-
take in skeletal muscle and reported that muscle-specific knockout of ARKS5 led to increased
muscle insulin sensitivity in mice. This study reported altered IRS1 phosphorylation, in-
creased IRS1 and Akt activity, and TBC1D4 phosphorylation at Thr649 (Thr642 in human)
in soleus muscle in response to glucose administration in this mouse model on a high-fat
diet (HFD) [69]. However, these findings do not indicate direct interaction of ARK5 with
TBC1D4. Instead, they suggest a regulation upstream of RabGAPs in the insulin signaling
pathway. The impact of exercise on ARKS5 activity in the regulatory pathway for glucose
uptake was not investigated in this study, despite the implications of muscle contraction on
ARKS activation [69]. Koh et al. also investigated the role of ARKS5 in contraction-stimulated
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glucose uptake but contrary to their results regarding SNARK, they found no evidence of
ARKS activation upon in situ contraction in rat muscle, and contraction-stimulated glucose
uptake remained unaltered in TA muscle overexpressing mutant ARKS [67]. In contrast,
a study from our lab showed phosphorylation of TBC1D1 at least at Ser231, Ser660 and
Ser700 by NUAKT1 in vitro [63]. Therefore, in vivo data suggest that ARKS plays a different
role than SNARK by negatively regulating muscular insulin signaling and showing no
effect on contraction-induced glucose transport. However, in vitro assays show direct
activity of ARKS towards TBC1D1. Hence, more research is required to understand which
role ARKS plays in exercise-stimulated glucose uptake and RabGAP regulation.

3.4. Salt Inducible Kinases (SIKs) Are Positive Regulators of Glucose Uptake and GLUT4 Levels in
Adipocytes, and May Also Be Promising Factors in Skeletal Muscle Contraction Signaling

Similar to ARK5 and SNARK, the salt inducible kinases SIK1, SIK2 and SIK3 (also
known as QIK and QSK, respectively) are Ser/Thr protein kinases of the ARK subfam-
ily and activated by LKB1 [66,68]. Aside from LKB1, SIK1-3 are also regulated by cyclic
AMP-dependent protein kinase. SIKs affect gene expression by phosphorylating class 2a
histone deacetylases (HDACs) and CRCTs (CREB-regulated transcriptional co-activators)
which activate the transcription factor CREB (cyclic AMP-response-element binding pro-
tein). Thereby, SIKs are believed to play a role in regulating a range of physiological and
pathophysiological processes, such as metabolic processes, like hepatic gluconeogenesis
and importantly GLUT4 expression in adipocytes as reviewed in [91]. To date, there is a
shortage of data on the effect of SIKs on glucose uptake in skeletal muscle, especially in
regards to muscle contraction or exercise. Verbrugge et al. recently conducted a review of
datasets regarding exercise-induced gene expression and muscle glucose uptake, which
identified regulation of Sik1 and Sik2 in mouse skeletal muscle in response to exercise,
among others, with a positive association observed in glucose uptake [92]. Another study
demonstrated that Sik1 expression is elevated in skeletal muscle of mice on HFD and
global deletion of SIK1 in HFD-fed mice led to improved glucose tolerance, muscle insulin
sensitivity and glucose uptake in skeletal muscle. Additionally, muscle-specific knockout of
SIK1 in HFD-fed mice also tends to increase insulin-stimulated glucose uptake into skeletal
muscle in vivo [73]. Contrary to the limited available data on SIK function in skeletal
muscle, numerous studies have examined the regulatory function of SIKs in glucose uptake
and on TBC1D4 in adipose tissue [71,72,74,75]. Those data show that SIKs influence glucose
uptake through regulation of the expression levels of GLUT4 due to control of CRCTs and
implicate an indirect role of SIKs in the regulation of RabGAPs that is most likely due to the
control of the RabGAP upstream kinase Akt, at least in adipose tissue. Currently, there is no
evidence to support a direct correlation between SIKs, RabGAPs and contraction-mediated
glucose uptake in skeletal muscle. However, as SIKs are direct downstream targets of LKB1
and have been shown to regulate glucose uptake and GLUT4 levels in adipocytes, these
proteins may also be promising factors in skeletal muscle contraction signaling.

3.5. Atypical, Conventional and Novel Protein Kinase C (aPKCs, cPKCs, nPKCs) Differently
Regulates Insulin- and Contraction-Stimulated Glucose Uptake

Protein kinase C (PKC) is a family of lipid-sensitive enzymes that participates in
various cellular functions. The serine-threonine kinases have extensive involvement in
different cellular processes by controlling the function of other proteins through phospho-
rylation. Various PKC isoforms were found to be upregulated and activated by muscle
contraction [64] and exercise [92-97] in both mice and humans. The regulation of novel
PKCs (nPKCs) (5, €, 11, 0) depends on diacylglycerol (DAG) while conventional PKCs
(cPKCs) (e, 1, f2, v) require additional Ca2+ flux as reviewed in [98]. Atypical PKCs
(aPKCs) (¢, A) (A is the mouse ortholog of human PKCu) are not controlled by DAG but can
be activated by ceramides and sphingosine-1-phosphate [98-100].

Several conventional and novel PKC isoforms have been implicated in the devel-
opment of muscle insulin resistance, while some reports suggest aPKCs in positively
regulating muscle glucose uptake. In mice, deficiency of the cPKC-« or cPKC-f3 each led
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to an increased insulin-stimulated glucose uptake in isolated soleus muscle and increased
glucose uptake and GLUT4 translocation in isolated adipocytes [76,79]. Multiple studies in
mice and humans indicate that nPKC-0, the most abundant PKC isoform in skeletal mus-
cle [101], negatively regulates insulin signaling by phosphorylating IRS1 at IRS1-inhibiting
serine sites [80,81,102,103]. Conversely, to DAG-regulated c/nPKCs, aPKCs may play a
positive role in regulating glucose uptake by insulin stimulation, as demonstrated by a
study in L6 myotubes showing reduced basal- and insulin-stimulated glucose transport
by overexpression of kinase-inactive aPKC-( [83]. In line with this, Farese et al. reported
reduced insulin-stimulated glucose uptake in vastus lateralis muscle in vivo and in soleus
and EDL muscle in vitro of aPKC-A muscle-specific knockout mice [84]. Moreover, increases
in GLUT4 in proximity to the plasma membrane in response to insulin stimulation were
blunted in skeletal muscle of these mice [84]. The mechanism underlying the influence of
aPKCs on insulin-induced glucose uptake may be related to the facilitation of membrane
fusion of GSVs [104].

Besides their influence on insulin-stimulated glucose uptake in skeletal muscle, PKCs
have also been suggested to be involved in contraction- and exercise-regulated glucose
transport. Early studies have shown that PKC translocates intracellularly in response
to contraction. This correlates with increasing concentrations of DAGs and suggests the
presence of a causal relationship between contraction-induced PKC translocation and
glucose transport (PMID: 2808343 and 3595854) [105,106]. Another study showed that
downregulating the activity of PKCs in rat soleus muscle by phorbol ester treatment ex
vivo led to a loss of contraction-mediated glucose uptake [107]. Treatment of rat soleus
muscle with a PKC inhibitor reduced contraction- but not insulin-stimulated glucose
uptake [108]. Inhibition of cPKC-«, the predominant cPKC isoform in skeletal muscle,
attenuates contraction-stimulated glucose uptake in skeletal muscle ex vivo. However,
this finding is contradicted by the results of unaffected contraction-stimulated glucose
uptake after muscle-specific cPKC-« knockout. The authors explain this discrepancy by
citing unspecific effects of the inhibitors used or by compensatory effects of nPKCs and
aPKCs [77]. Muscle specific knockout of aPKC-A in mice or inactivation of aPKC-A in Lé6-
myotubes eliminated metformin- and AICAR- or metformin- and insulin-induced glucose
uptake, respectively [85]. However, the authors also showed that glucose uptake in vastus
lateralis muscle stimulated by treadmill exercise was not affected in the muscle specific
aPKC-A knockout mice, although exercise was adequate to activate aPKC-A in control
animals [85]. A follow-up study even reported increased glucose transport in the soleus
muscle of muscle-specific aPKC-A knockout mice and after overexpression of the other
atypical PKC aPKC-( in TA muscle stimulated by ex vivo contraction [86].

Few studies exist that suggest a role for PKCs in regulating the phosphorylation of
RabGAPs. Individual knockdown of nPKC-6 and of cPKC-o blunted calcium ionophore
ionomycin induced phosphorylation of TBC1D4 at site Thr642 and TBC1D1 at site Thr590
(Thr596 in humans) and inhibited GLUT4 translocation in L6 myoblasts [78]. Furthermore,
stimuli that are known to activate ¢/nPKCs also induced TBC1D1/4 phosphorylation
(determined with PAS antibody) and GLUT4 translocation in CHO-IR cells and L6 my-
otubes [109]. In contrast, the study by Yu et al. showed equally induced AMPK and
TBC1D4 phosphorylation (determined using PAS antibody) by contraction of soleus muscle
of WT and aPKC-A mKO mice, suggesting no involvement of aPKCA in the regulation of
RabGAPs [86]. Although insulin-stimulated glucose uptake and GLUT4 translocation was
impaired in muscle-specific aPKC-A knockout mice in the study by Farese et al., TBC1D1/4
phosphorylation (determined using PAS antibody) after insulin stimulation was unaltered
in vastus lateralis muscle of these aPKC-A-deficient mice [84].

In conclusion, DAG-regulated ¢/nPKCs are suggested to play a role in negative
feedback regulation of insulin signaling in skeletal muscle, presumably via deactivation
of IRS1. However, the role of c/n PKCs during contraction may differ from the one in the
insulin pathway, as the regulation on IRS] is not as relevant in the contraction pathway.
It may be the case that ¢/nPKCs have a positive influence on the intracellular contraction
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cascade. However, further non-inhibitor-based studies are necessary to confirm this, as
inhibitor-based results could not be replicated in a single knockout study [77]. Further
investigation is required to determine the influence on RabGAPs. Some studies have shown
a direct or indirect role of ¢c/nPKCs in phosphorylating TBC1D1/4, but the evidence is
insufficient to make a definitive statement. aPKCs seem to act differently from c¢/nPKCs
and might positively regulate insulin-stimulated glucose uptake in muscle, possibly by
regulating GSV translocation [84]. However, there is currently no substantial evidence
supporting the significant involvement of aPKC in contraction-stimulated glucose uptake
in skeletal muscle.

3.6. Protein Kinase N2 (PKN2) Binds to Racl and May Serve as a Negative Regulator of
AMPK Activity

The PKN family, also referred to as protein kinase C-related kinases (PRK), because of
their catalytic domain similar to that of protein kinase C (PKC) family members, comprises
three isoforms: PKN1 (or PRK1 or PKN«), PKN2 (or PRK2 or PKNYy) and PKN3 (or
PRK3 or PKNf). PKNs are bound by small Rho GTPases such as Racl [110,111] which
leads to a conformational change in PKN that enables the binding of PDK1 [112], an
upstream regulator of Akt [113], both crucial in the regulation of GLUT4 translocation and
insulin-regulated glucose transport (recently reviewed in [114,115]). Additionally, Racl is a
well-known regulator of contraction-stimulated glucose uptake in skeletal muscle (PMID:
23274900) [116].

Whereas PKN1 seems to be the relevant PKN isoform in adipocytes, it has been shown
that PKN2 knockdown in vitro in PHMCs (primary human muscle cells) and in vivo
in mouse TA muscle both decreased insulin-stimulated glucose uptake. Interestingly,
phosphorylation of AMPK and its downstream targets were increased in both models and
basal- and insulin-stimulated phosphorylation of TBC1D4 at site Ser314 was enhanced in
PHMCs after PKN2 knockdown [87].

Additional research is necessary to determine the precise role of PKN2 in skeletal
muscle, particularly in relation to contraction-stimulated glucose transport. However,
PKN2 may play a significant role in skeletal muscle contraction signaling, despite being
poorly described.

3.7. Hypoxia Influences Skeletal Muscle Glucose Uptake through Mechanisms That Partly Overlap
with Contraction and Are Independent of Insulin Signaling, including a Major Role of HIF1a

Hypoxia indicates an imbalance in tissue oxygen levels. When exercise and hypoxia
coincide, the oxygen balance in skeletal muscle may be further disrupted (reviewed in [117]).
Hypoxia has also been shown to affect insulin sensitivity and glucose uptake in skeletal
muscle, acting as a cellular signaling mechanism. This section aims to provide a concise
overview of the various implications of hypoxia on GLUT4 translocation in skeletal muscle,
particularly during exercise.

Studies in rats and humans indicate that hypoxia stimulates glucose uptake specifically
in the skeletal muscle as this outcome has not yet been described for other tissues [118,119].
Due to the role of skeletal muscle glucose uptake as a critical determinant of insulin sen-
sitivity and progression of metabolic diseases, hypoxia is also in the focus of diabetes
research. When examining acute exercise in hypoxia, it was reported that insulin sensi-
tivity improved after hypoxic exercise compared with normoxic exercise in persons with
type 2 diabetic [120]. However, a beneficial impact of acute environmental (resting) hy-
poxia on postprandial glucose response and GLUT4 translocation has also been shown in
skeletal muscle of healthy subjects [121]. Studies suggest that hypoxic training may have
positive effects on skeletal muscle glucose uptake through signaling pathways similar to
those activated by contraction, such as elevated CaZ* concentration [119,122] or increased
AMP/ATP ratio and AMPK activation [49,123]. This is supported by reports that hypoxia
and contraction do not exert their stimulatory effects on glucose uptake in an additive
manner [49,119,124]. However, in one of those reports, the stimulatory effect of muscle
contraction by electrical stimulation was inhibited by wortmannin and calphostin C but
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hypoxia-induced skeletal muscle glucose uptake was unaffected by these drugs, indicating
independent pathways [124]. Conversely, De Groote et al. reported unaltered activation
of the AMPK-TBC1D1/4 and Akt-TBC1D1/4 axis in vastus lateralis muscle after hypoxic
and normoxic exercise in healthy and pre-diabetic men [125]. Besides the intracellular
contraction pathway, independency of hypoxia-stimulated muscle glucose uptake from in-
tramuscular insulin signaling is indicated, as Mackenzie et al. demonstrated additive effects
of exercise and hypoxia on insulin sensitivity in type 2 diabetic patients [120]. Furthermore,
the study by Hulst et al. reported that the increases in muscle GLUT4 translocation were
independent from intramuscular insulin signaling as Akt-dependent phosphorylation of
TBC1D4 at Thr642 and Ser588 was mostly unchanged between hypoxic and normoxic
conditions [121].

One factor that clearly distinguishes hypoxia from contraction and insulin stimulation
is the activation of the transcription factor hypoxia-inducible factor (HIF) 1«. HIF1 is a
master regulator of oxygen homeostasis which is degraded under normoxic conditions, but
activated when oxygen concentrations fall (reviewed in [126]. It regulates multiple cellular
responses such as angiogenesis, apoptosis and glucose metabolism [127]. HIF1«x appears to
have a positive effect on TBC1D4 phosphorylation and GLUT4 translocation mediated by
AKT and AMPK- in C2C12 myotubes. This effect is most likely due to the regulation of
genes that affect RabGAP regulation as HIF1«x and TBC1D4 do not directly interact [128]. In
accordance, a later study from our lab found increased insulin- and contraction-stimulated
glucose uptake and TBC1D4 Thr642 phosphorylation after hypoxic treatment of human
myotubes, which was abrogated after HIF1« silencing. The study also identified RAB20
as a gene upregulated by HIF1o and linked with GLUT4 transport. Additionally, TXNIP
was found to be a gene downregulated by HIF1« and negatively associated with Akt and
TBC1D4 phosphorylation [129]. However, it is possible that this pathway is specific to
skeletal muscle, as HIF1x and HIF2x were found to have a negative impact on TBC1D1
phosphorylation in 3T3-L1 adipocytes [130]. Furthermore, it should be noted that not
all studies have reported an increase in the expression of HIF1« during hypoxic exercise
in humans. This discrepancy could be attributed to differences in the hypoxic dose and
duration used in each study [125].

Taken together, multiple studies showed increased hypoxia-stimulated glucose uptake
specifically in skeletal muscle that is distinct from insulin signaling and partially overlaps
with intramuscular signaling activated by contraction. An implication of TBC1D1/4
regulation through hypoxia seems unlikely, besides the effects by altered gene expression
induced by HIF1«.

4. Conclusions

Multiple pathways regulate skeletal muscle glucose uptake as an evolutionarily impor-
tant and highly conserved mechanism for maintaining blood glucose balance and meeting
the need for enhanced energy supply during situations of stress and physical exertion. To
ensure the functionality of this mechanism, many of the underlying pathways are partially
functionally redundant. In this review, we have summarized the current state of knowledge
on the two RabGAPs, TBC1D1 and TBC1D4, in regulating contraction-mediated glucose
uptake in skeletal muscle, focusing not only on the classical regulators such as AMPK,
but also on the wide field of AMPK-related kinases (ARKs) and physiologically broader
stimulators such as hypoxia.

The two RabGAPs, TBC1D1 and TBC1D4, are well-known regulators of GLUT4-
dependent glucose uptake through control of GSV translocation. As direct downstream
phosphorylation targets of AKT and AMPK, TBC1D1 and TBC1D4 represent a key signaling
hub where insulin and contraction signaling converge in skeletal muscle. However, the view
that Akt and AMPK are the sole regulators of insulin- and contraction-stimulated glucose
uptake is outdated. With increasing reports of insulin-sensitizing effects of exercise in
recent decades, understanding the cellular pathways underlying these beneficial outcomes
is essential. Future research should therefore focus on unraveling the complex network of
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skeletal muscle contractile responses to enable more effective prevention and treatment of
metabolic disorders.
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